Abstract-This paper presents a feasibility study of a Compton scattering enhanced (CSE) multiple pinhole imaging system for gamma rays with energy of 140keV or higher. This system consists of a multiple-pinhole collimator, a position sensitive scintillation detector as used in standard Gamma camera, and a Silicon pad detector array, inserted between the collimator and the scintillation detector. The problem of multiplexing, normally associated with multiple pinhole system, is reduced by using the extra information from the detected Compton scattering events. In order to compensate for the sensitivity loss, due to the low probability of detecting Compton scattered events, the proposed detector is designed to collect both Compton scattering and Non-Compton events. It has been shown that with properly selected pinhole spacing, the proposed detector design leads to an improved image quality.
II. THE DETECTOR CONCEPT
The proposed detector system is essentially the combination of a Gamma camera using a multiple pinhole collimator and a Silicon scattering detector inserted between the Anger camera and the collimator, as shown in Fig. 1 . The extra information from Compton scattering not only enables one to say that the detected photon is from one of the pinholes in the collimator, but also assigns a different probability for each pinhole. The proposed detector system also makes use of those events that interact with either the first or the second detector only. The data containing both Compton scattered and non-Compton scattered events is used in list-mode image reconstruction. For simplicity, we will use the term "CSE detector" for the proposed design and "MPH detector" for standard multiple pinhole detector. [2] . These collimators have the advantage of being nonmultiplexing and therefore every detected gamma ray defines a unique angular region, within which the gamma ray was generated or scattered. However, this uniqueness of information is achieved at the cost of losing all photons that do not fall into those possible paths defined by the collimator. Several mechanical collimators involving certain degrees of multiplexing have been studied in the past. The idea of using combined mechanical and electronic collimations was previously proposed by Uritani et al [3] . In this paper, we present an alternative detector configuration based on the similar principle. It consists of a multiple pinhole collimator placed in front of a less optimised Compton camera. The choice of using multiple pinhole collimator offers a wide range of freedom in selecting the open fraction of the collimator and spatial coding scheme for different applications. The proposed imager is designed to collect events both Compton scattered between the two detectors and interact with either the first or the second detector only. Therefore, the raw sensitivity is not limited by the relatively low probability of detecting an incoming photon through Compton scattering. To evaluate the detector performance, we used the variance-resolution trade-off curve calculated based on the Maximum a priori (MAP) reconstruction methods [4] [5] .
III. METHODS FOR COMPARISONS

A. Detector Simulation and Image Reconstruction
The basic detector and source configurations used in this study are shown in Table I . In order to study the effect of the amount of multiplexing on the detector performance, 5 different multiple pinhole configurations were simulated, with 9, 25, 49, 121 and 225 pinholes respectively. The corresponding pinhole distances were 3.0, 2.0, 1.5, 1.0 and 0.6cm. The multiple pinholes were placed in square patterns. The actual pinhole positions were randomized by a small amount (1~2mm) around the grid points to reduce the possible artifacts, which may arise as a result of sampling the object at some discrete spatial frequencies. Two such detectors were placed above and below the object. The object 
where x∈R n is the unknown image and y∈R m is the measured data. The mean of the data is related to the image x through transformation where P is the detector response function and r is the mean contribution from object scattering events and background radiation. The MAP estimate is achieved by maximizing an object function
For simplicity, we only used the quadratic roughness penalty with the form
where w ij is the weighting factor that takes into account the 26 neighbours and
Fessler and Rogers proposed an approach that analyses the mean, variance and spatial resolution properties of images estimated through optimising an implicitly defined object function, such as the Penalized Likelihood or Maximum a priori (MAP) estimators [6] [7] . This method was used in developing a pre-conditioner for Conjugate Gradient PET image reconstruction [8] . Qi et al further explored this idea by adopting this pre-conditioner as an approximation of the inverse of the Hessian matrix and developed a closed form approximation for resolution and variance [9] [10].
So that the MAP estimator is defined as
For a non-linear estimator, one can use the local impulse response (LIR) as a measure of the spatial resolution property. For the jth voxel it is defined as
The details of the development leading to this method can be found in the references cited above. Here we briefly restate some of the key steps. Given a measured data set y, the log-likelihood of an estimator x, of the underlying object is Using the first order Taylor expansion and chain rule, one can approximate the local impulse response by its linearized representation:
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For the detector geometry and the 3-D source object used in this study, calculating the FIM (or even a column of FIM) is a very challenging task. To make the calculation computationally practical, we need to make further simplification by assuming the system is "locally shiftinvariant" [8] . One can bring the diagonal matrix sandwiched between P' and P outside so that ) 10 ( Using the locally shift-invariant approximation, the eigenvalues, λ i and µ i , of the block-circulant representations of P'P and C'C can be derived using the 3-D Fourier transform. This property was used to develop closed form expressions for the LIR and variance of MAP reconstruction [9] Fig. 3 shows the back-projected probability distribution across each of the 16 slices of the source object for a detected Compton scattering event. It is easily seen that the angular ambiguity is greatly reduced by adding the Compton scattering information. This was translated into an improved image quality as shown in Fig. 4-6 . The list-mode MAP algorithm with quadratic penalty function (as shown in Eq. 4 and 5) was used for these reconstructions. All three data sets contained the same number of counts. Using the Compton scattering information significantly reduced the variance at the same value of CRC. It also helped to achieve a better reconstruction in the cold region. This should improve the accuracy of quantifying the activity concentration within a preset region-of-interest (ROI). When comparing the detector performances based on the same measuring time, the detector, using only Compton scattered events, suffered from the low sensitivity and produced the highest standard deviation at the same CRC (resolution). This can be improved if one also makes use of the non-Compton events. These results are shown in Table II . 
IV RESULTS
A. Reconstructions in 3-D
B. Resolution-Variance Trade-Off
To further evaluate the proposed detector design, we compared the image quality using the variance-resolution trade-off curve achieved at the image centre. This study took the following steps. First, we compared the relative detector performance as a function of the amount of multiplexing in the data, with collimators having different pinhole configurations. Second, based on the results achieved, we compared the "best" CSE detector (amongst the detectors compared) with the "best" standard MPH detector to show the benefit of combining Compton aperture with mechanical collimation. Finally, we briefly discussed results from resolution-variance trade-off study and highlighted the limitations of this approach. The effect of the amount of multiplexing on the CSE detector performance was studied using the five multiple pinhole configurations (see Section II). Standard deviations as a function of resolution (CRC) were derived using (15) and (16). The collected data sets were normalized to the same measuring time and shown in Fig. 7 and 8 . For the standard MPH detector, the best variance-resolution (CRC) was achieved with the 25pinhole collimator, given the same measuring time. The difference between detectors using the 25 pinhole and 9 pinhole collimators is very small. This indicates that a collimator with relatively small amount of multiplexing is preferred if no extra information is available. When Compton information is added, a larger open fraction on the collimator provided images with the lowest variance. The best variance-CRC (resolution) trade-off was achieved with the 121pinhole collimator. Table I for details). • The proposed CSE detector design results in an improved imaging performance compared with standard MPH detectors.
• It provides not only lower variance but also lower covariance in the image. This should be beneficial for both detection and quantification tasks.
• In order to compensate for the low probability of detecting Compton scattered events, one needs to use collimator with relatively large open fraction and make use of those nonCompton events.
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